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In this study, silicon rich silicon oxynitride layers containing more than 15% nitrogen were
deposited by electron cyclotron resonance assisted plasma enhanced vapor deposition in order to
form silicon nanoparticles after a high temperature thermal annealing. The effect of the flows of the
precursor gases on the composition and the structural properties of the layers was assessed by
Rutherford backscattering spectroscopy, elastic recoil detection analysis, and infrared spectroscopic
measurements. The morphological and crystallinity properties were investigated by energy filtered
transmission electron microscopy and Raman spectroscopy. We show that the excess of silicon in
the silicon oxynitride layer controls the silicon nanoparticles size. On the other hand, the crystalline
fraction of particles is found to be strongly correlated to the nanoparticle size. Finally, the
photoluminescence measurements show that it is also possible to tune the photoluminescence peak
position between 400 and 800 nm and its intensity by changing the silicon excess in the silicon rich
silicon oxynitride matrix.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816042]
I. INTRODUCTION
Silicon nanocrystals (Si-ncs) have received a great inter-
est in recent decades since they can be very useful in many
applications such as for data storage,1 lasers,2 or photovol-
taics.3 These silicon nanocrystals are usually embedded in a
dielectric matrix, which are often obtained upon high tem-
perature annealing of silicon rich silicon oxide (SRSO)4 or
silicon rich silicon nitride (SRSN).5 SRSO layers were thor-
oughly produced by Plasma Enhanced Chemical Vapor
Deposition (PECVD) using SiH4 and O2 or N2O
6 and
resulted in Si-nps in SiO2 matrix. On the other hand, Si-nps
in Si3N4 matrix were obtained from SRSN layers by mixing
SiH4 and NH3. The size of the nanoparticles is controlled by
the excess of silicon present in the Si rich layer.6 Another
way to control the Si-ncs size is the use of superlattice in
order to constrain the size of the nanoparticles within the
size of the silicon rich layer.7 From the application point of
view, the final matrix surrounding the nanoparticles provides
advantages and drawbacks depending on the desired device.
For instance, LED devices based on nanocrystals in silicon
oxide (SRSO) showed a better electroluminescence but
exhibited a higher turn on voltage and current.8 For photo-
voltaic devices using the quantum size effects provided by
the silicon nanoparticles, the SiN matrix is more favorable
because of a lower energy offset, and therefore, a better
charges transport is expected.
Among alternatives as a host dielectric matrix, silicon
oxynitride (SiOxNy) may be a good material since its elec-
tronic and optical properties can be tuned from SiO2 to Si3N4
to match the device requirements. PECVD with silane (SiH4)
and nitrogen protoxide (N2O)
9,10 is also used to produce
silicon rich silicon oxynitride (SRSON). Most of the reported
data6–11 on Si-nps from SRSON layers exhibit a dielectric
matrix surrounding the nanoparticles with a maximum of
15% nitrogen, which means close to a SiO2 matrix. By
changing the deposition conditions, it is possible to incorpo-
rate more nitrogen in the layers.12,13
We have previously presented the possibility to fabricate
silicon nanocrystals in a silicon oxynitride layer matrix using
a fixed flow of silane (SiH4) and nitrogen protoxide (N2O) of
20 and 10 sccm, respectively.14 In this work, we report on
the tuning of the nanoparticles size and distribution by vary-
ing the amount of incorporated nitrogen in the SRSON
layers. We demonstrate that the change in gas flows results
in SRSON films with different structural and optical proper-
ties. We show that less silicon excess is needed in the
SRSON layers as compared to SRSN to reach a similar nano-
particle size. We also show a strong correlation between the
fraction of crystalline silicon (c-Si) nanoparticles and the
amount of silicon atoms in excess present in the SiON
matrix.
II. EXPERIMENTAL DETAILS
Silicon rich silicon oxynitride layers were deposited on
p-type (100) silicon wafers and quartz substrates using an
Electron Cyclotron Resonance Assisted Plasma Enhanced
Vapor Deposition (ECR-PECVD) system. The deposition
process is divided in 3 steps. First, the substrate is heated up
to 400 C in 5min under flows of nitrogen protoxide and sil-
ane and then the plasma is turned on to start film deposition.
The deposition time was fixed to 20min for all samples. The
microwave (MW) power source was fixed at 500 W, and the
radiofrequency (RF) power source was adjusted automati-
cally. Finally, the gas flows are stopped, and the substrate
was cooled down to room temperature before downloading
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the samples. The flow of the N2O gas was fixed at 10 sccm
while that of SiH4 was varied from 10 to 22 sccm. We
defined a parameter R as the ratio between the N2O and the
SiH4 gas flows (R¼N2O/SiH4). For our experiments, R was
therefore varied from 0.45 to 1. This parameter can be con-
sidered as the key to tune the structural and optical properties
of the deposited SRSON layers. In order to obtain the phase
separation, the SRSON layers were annealed at 1100 C
for 1 h in Argon atmosphere. The final thickness is ranging
between 300 and 400 nm. Rutherford Backscattering
Spectroscopy (RBS) and Elastic Recoil Detection Analysis
(ERDA) methods were employed to extract the chemical
composition of the SRSON layers before and after annealing.
Fourier Transform Infrared (FTIR) spectra were used to
determine the chemical bonding in the as deposited and
annealed layers. Photoluminescence (PL) spectra were
recorded at room temperature using a 355 nm excitation
wavelength of an Nd:YVO4 laser. The emitted light was
detected by a spectrometer coupled with a CCD linear image
sensor. The response of the detection system was precisely
calibrated with a tungsten lamp calibration source. Finally,
High Resolution Transmission Electron Microscopy
(HR-TEM) and Energy Filtered (EF)-TEM measurements
on cross sectional specimens were performed with a
JEOL2100F microscope operating at 200 kV, equipped with
a corrector for spherical aberration and the TRIDIEM Gatan
imaging filter. The cross sectional specimens were prepared
by the tripod method and finished by a gentle ion milling
step. The EF-TEM images were formed by the electrons
which were selected with a slit placed in the energy disper-
sive plane of the spectrometer at the plasmon energy of the
silicon at 17 eV with a width of 62 eV.15 In order to avoid
multiple interaction, the analyses were proceeded in a very
thin region (t/k< 0.2 with t is the sample thickness and k the
mean free path of the electron.) Finally, Raman spectra were
recorded on SRSON samples deposited on quartz substrates
excited with a 532 nm laser to quantify the crystalline frac-
tion of the silicon nanoparticles.
III. RESULTS AND DISCUSSION
A. Composition of the as deposited SRSON layers
Figure 1 plots the amount of silicon, oxygen, nitrogen,
and hydrogen present in the as-deposited SRSON samples as
a function of the gas ratio R. These atomic contents in the
SRSON layers were determined by RBS and ERDA. It is
found that silicon and hydrogen contents within the layers
gradually decrease when increasing the gas ratio R (decrease
of the SiH4 flow) and tend to saturate for R > 0.7 reaching
values of about 33% Si and 5–7% H. Concerning oxygen
atoms, its content increases from 17% to 33% with increas-
ing R. Such behavior is explained as the result of the pres-
ence of more N2O in the gas mixture which is bringing
oxygen during deposition. On the other hand, the atomic
content of nitrogen in the layer behaves irregularly as com-
pared to the other species: it increases for R between 0.45
and 0.67, goes through an optimum of about 36% at R 0.7
and then decreases. This trend can be attributed to the change
in gas composition during the layer deposition. Increasing R
gradually means that more N2O gas is injected in the reactor
as compared to SiH4 leading to an increased of nitrogen con-
tent in the layer.
Increasing further R means that less silicon is available
to be linked to more nitrogen and oxygen species present in
the chamber. Since the bond energy of Si-O (799.6 kJ/mol) is
higher than that of Si-N (470 kJ/mol),16 silicon will more
likely link to oxygen than to nitrogen. Less nitrogen is there-
fore present in the deposited film which might turn to a SiO2
film for very high R values (R > 1). The data of Figure 1
show clearly that it is possible to control the amount of sili-
con and nitrogen in the SRSON layer.
To get more insights, FTIR analyses were recorded on
as-deposited SRSON samples to study the chemical bonds.
In particular, the FTIR technique was used to identify the
presence of Si-O and Si-N bonds in the layers. Figure 2 plots
FTIR spectra for R¼ 0.45, R¼ 0.59, and R¼ 1. All spectra
exhibit a large band between 700 and 1300 cm1. This wide
band is the result of contributions from many atomic bonds
in the SRSON layer. The Si-O bending and stretching
modes, respectively, absorb around 800 and 1050 cm1.17,18
FIG. 1. Composition of the as deposited silicon oxynitride as determined by
RBS and ERDA measurement for different gas ratio.
FIG. 2. FTIR spectra of different layers before annealing (NA) and after
annealing (A).
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The Si-N stretching mode is known to absorb at around
850 cm1.17 The shoulder located at the 1100–1250 cm1
can be attributed to the out of phase oxygen stretching
mode.18,19 For the as-deposited samples, the different hydro-
gen chemical bonds were also taken into account. Thus, the
FTIR spectra show a Si-H bending mode at 650 cm1 and
the N-H rocking mode at 1150 cm1.5
We have found that for a gas ratio of 0.45 and 0.59 the
absorption band maximum is relatively constant at 860 cm1;
then, the whole band position shifts to reach 952 cm1 for
R ¼ 1. The shift to the high wavenumbers for high R values
can be explained as due to an increase of Si-O bonds and a
decrease of Si-N bonds. This is in strong agreement with the
RBS data shown above.
The FTIR analysis was also used to detect hydrogen
bonds in the deposited layers. The N-H stretching mode and
the Si-H stretching mode are found (not shown here) to
absorb around 3400 cm1 and 2000 cm1,17 respectively.
However no O-H bond were detected around 3600 cm1
range like in the work of Denisse et al.10 Therefore, we con-
sider that only Si-H and N-H bonds for hydrogen are present
in our SRSON layers. According to Lanford et al.,20 the total
hydrogen content in a SiNx:H is proportional to the absorp-
tion area of the Si-H þ 1.4 times the area of the N-H band.
Using this method, the H bonds concentration was calculated
for the different deposited layers. Figure 3 plots the calcu-
lated atomic hydrogen bonds with silicon and nitrogen for
the as-deposited SRSON layers versus the gas ratio R. For
R < 0.6, hydrogen has more bonds to silicon than to nitrogen
while for high gas ratio hydrogen is more preferentially
bonded to nitrogen.
B. Composition of the annealed SiOxNy layers
After thermal annealing of the as-deposited SRSON
layers at 1100 C, no hydrogen atoms can be detected any-
more by ERDA as a consequence of its exo-diffusion from
the layer.
The hydrogen exo-diffusion from the SRSON:H upon
annealing can be described by the following reactions:
SiH þ NH ! SiN þ H2 "; (1)
SiH þ SiH ! SiSiþ H2 " : (2)
It is clear from the Eqs. (1) and (2) that the breaking of a Si-
H bond is potentially a source for silicon atoms in excess
while an N-H bond will consume a silicon bond to form Si-
N. For high R values, the number of Si-H bond is lower than
for N-H before annealing. Some N-H bonds may react to-
gether to form nitrogen molecules that leave the film. Thus,
some nitrogen loss is expected after thermal annealing.
Figure 4 plots the atomic content of silicon, nitrogen,
and oxygen atoms in the annealed SRSON layer as deter-
mined by RBS analysis. The general trend is similar to what
was observed before annealing (Figure 1). The oxygen con-
tent is almost constant over a large range of R values and
suddenly increases for R > 0.7. The nitrogen content is
found to increase from 20 to 35% in the layer, well above
the 15% reported elsewhere. The decrease of N content for a
gas ratio higher than 0.7 can partially be due to the loss of
nitrogen atoms during annealing.
From the molecular structure point of view, the possible
bonds in the annealed layers are Si-Si, Si-O, Si-N, O-N,
O-O, and N-N. However, O-O, N-N, and O-N have a high
binding energy and will be neglected afterwards.16 Therefore,
only left are Si-Si, Si-O, and Si-N bonds. The silicon excess
(Siexcess), which is the silicon available for the formation of Si
nanoparticles in the host matrix, can then easily be defined.
Siexcess is considered in SiON as a quarter of the number of
Si-Si bonds. By using the valence of each atom, Siexcess can
be expressed as10
Siexcess ¼ 1
4
ð4 Si 2 O 3 NÞ: (3)
Figure 4 plots also the atomic silicon excess Siexcess (stars)
versus the gas ratio after thermal treatment of the SRSON
layers. For gas ratio from 0.45 to 0.65, the silicon excess
decreases from 35% to about 4%, and it seems to be strongly
correlated to the nitrogen content in the layer. For high gas
FIG. 3. Atomic Hydrogen bonds with silicon and nitrogen for as-deposited
SRSON:H layers versus the gas ratio R.
FIG. 4. Atomic composition in the annealed silicon oxynitride layers at
1100 C for 60min as determined by RBS measurements for different gas
ratio.
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ratio (R  0.7), the excess of silicon is very small (2%).
For very high gas ratio, the SRSON tends to a SiO2 matrix.
These results show that the excess of silicon can be easily
tuned in an annealed SRSON layer by controlling the gas ra-
tio during the plasma deposition process, which in turns con-
trols the amount of nitrogen in the layer.
To complete the study on the composition of the
annealed SRSON films, FTIR analysis were carried out. The
measured spectra are also reported in Figure 2 for different R
values. For a fixed R, the spectrum of the annealed sample is
different from that recorded for the nonannealed one. The
peak position and the shape of the large band are varying
versus the R value. For R ¼ 0.45, the wide band centered at
about 1000 cm1 indicated the formation of a SiON matrix
with somehow equal contribution of Si-O and Si-N bonds.
At R¼ 0.59, the peak position is closer to the Si-N bond
position, which means that the annealed film is N-rich. In
contrast, the peak position for the annealed sample with
R¼ 1 is strongly shifted towards the Si-O bond position
which indicate the formation of an oxygen rich film. Such
observations are consistent of the RBS data giving the
atomic composition in the annealed layers (Figure 4).
Thus, the difference in FTIR spectra recorded before
and after annealing is probably due to the reorganization of
the matrix and a relaxation of the bonds. In essence, a stoi-
chiometric silicon oxide is only composed of Si-O while a
silicon nitride is composed of Si-N bonds. However, SiOx
and SiNx deposited layers are not thermally stable. A phase
separation into Si nanoparticles and stoichiometric SiO2 or
Si3N4 after annealing at high temperature of deposited SiOx
or SiNx films, respectively, is highly expected. The as depos-
ited SRSON layers do not present a stable phase either.
Therefore, the SRSON layer can also decompose into two
separate phases, namely, a Si phase and a SiON matrix. The
Si phase allows the growth of silicon nanoparticles.
C. Identification of the silicon nanoparticles
EFTEM analysis was carried out exclusively on
annealed SRSON layers to assess the formation of silicon
nanoparticles in the SiON matrix. EFTEM characterization
carried out for samples with 4 and 6% excess of silicon in
the layer did not show any silicon particles. If they exist,
their size should be smaller than the detection limit of
EFTEM which is 1.5 nm.21 On the other hand, EFTEM
images for samples with a Siexcess of 7% and 15% are shown
in Figure 5. Silicon nanoparticles appear in white within a
dark SiON matrix. From these images, the particle average
size and its distribution can be estimated. The nanoparticles
are considered to be sphere-shape with a defined diameter.
The extracted values are reported in Figure 6. The diameter
of the particles is found to decrease from 6.8 to 3.2 nm when
R increases (nitrogen content increases). The decrease of the
particles size is easily understandable with the reduction of
the silicon excess amount in the SRSON layer. As the silicon
excess is decreasing, there are less silicon atoms available
for the formation of silicon nanoparticles. Furthermore, with
increasing R, the SiON matrix contains more nitrogen, which
slow down the diffusion of silicon atoms,17 resulting in
smaller nanoparticles.
The Si nanoparticles shown in Figure 5 seem to be organ-
ized in a vertically ordered shape. It has already been shown
that for high excess of silicon, the nanoparticles form nano-
columns.14,21 Nanoparticles become laterally connected and
form elongated particles due to a spinodal decomposition.22
FIG. 5. EFTEM image for SRSON
films containing an excess of silicon of
(a) 7% and (b) 15%.
FIG. 6. Average diameter extracted from EFTEM images of high tempera-
ture annealed SRSON layers as a function of silicon excess that it contain.
The Si excess was determined from RBS analysis. Some data from the litera-
ture are also shown for silicon nps within SiO2,23 SiON,7,12 and SiN21,24
matrix.
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Before forming the nanocolumns, the nanoparticles may align
like in Figure 5(a).
In Figure 6 are drawn some results from the literature
for SiO (stars), SiN (square), and SiON matrix (triangle.)
The reported data are for silicon nanoparticles obtained at a
similar thermal budget, namely 1100 C. It is found that for a
given silicon excess, we obtain larger nanoparticles. This dif-
ference can be attributed at first glance to the difference in
the dielectric matrix. Other samples prepared in our lab with
a higher oxygen proportion in the dielectric matrix shows a
smaller size than those present in this paper at an equivalent
excess of silicon.
The silicon nanocrystals average size is found to be
larger within silicon oxynitride SiON than within silicon ox-
ide SiO2 or silicon nitride SiN for a comparable silicon
excess value. During the annealing process, the silicon atoms
in excess in the matrix nucleate to form small nanocrystal.
When all the silicon in excess is consumed, the growth of the
nanocrystals is governed by the Ostwald ripening, known as
Lifshitz-Slyozov-Wagner (LSW) theory.25,26 This result was
recently confirmed by Roussel et al.27 using the atomic probe
tomography tool that permits to measure the silicon concen-
tration in the silicon oxide for different annealing time. In
the LSW theory, the smaller silicon nanoparticles decrease
in size, while the silicon atoms in excess move towards the
larger nanoparticles. The evolution of the average radius r of
the silicon nanoparticle during this process is modeled by the
Eq. (4).25,26 In this formula, D and C are, respectively, the
diffusion coefficient and the solubility limit of silicon in
the dielectric matrix, t is the time, r0 and t0 are respectively
the initial radius and time, c is the interfacial energy, t is the
atomic volume of the solute, k the Boltzmann constant and T
is the temperature.
r3  r03 ¼ 8
9
DC
ct
kT
ðt t0Þ: (4)
Equation (4) shows that the radius r is strongly dependent on
the parameter DC. The more important is this parameter the
larger is the size of the silicon nanocrystal as the flow of
atoms is high. The diffusivity D of silicon in silicon oxide is
found to vary depending on the deposition and characteriza-
tion methods used. This was explained by Roussel et al.27
The diffusivity coefficient of silicon in silicon oxyde
depends on the supersaturation of silicon. Nevertheless in the
LSW theory it is assumed to have a very small supersatura-
tion. An average value of 5.7 1018 cm2/s can be consid-
ered.28 The diffusion of silicon in silicon nitride is almost two
order of magnitude lower, as it is about 2.7 1020 cm2/s.29
On the other hand, the solubility C of silicon in silicon oxide
is smaller than in silicon nitride. Considering our structure
which is silicon in silicon oxynitride, the corresponding D
and C data should have intermediate values and the resulting
DC product is expected to go through a maximum value.
Figure 6 shows indeed that the obtained nanoparticles diame-
ters seem to be much larger for SiON matrix than for SiO2 or
SiN ones.
It should be noticed that the LSW model was developed
for highly diluted systems. A modified LSW was proposed30
to take into account the case of high volume fraction in the
matrix, which means large silicon excess in our case. The
new model30 predict an increase of the size of the nanopar-
ticle with the excess of silicon which is in good agreement
with our results reported in Figure 6. As for the silicon nano-
particles density, it changes also versus the deposition pa-
rameters such as the thermal budget27 and gas compostion.14
Presence of Si nanoparticles in the SiON matrix was
witnessed by EFTEM measurements, but it does not give an
insight on their degree of crystallinity nor on their crystalline
orientation. For more information on the crystalline proper-
ties of the Si nanoparticles, HRTEM measurements were
performed. Thus, a large fraction of silicon nanocrystals
were observed for layers deposited at low gas ratio (Siexcess
 10%) while no Si crystals were visible for the 4% Siexcess
sample. It should be noticed however that the HRTEM anal-
ysis allows only the observation of oriented nanocrystals
towards the electronic beam. Therefore, a complementary
Raman study is required to assess the crystallinity of the par-
ticles and the fraction of crystalline part as compared to the
amorphous ones.
Raman spectra recorded on annealed SRSON samples
on quartz and containing different excess of silicon are
shown in Figure 7. The wide emission band is due to differ-
ent contributions. The contribution at 300, 380, and
480 cm1 corresponds, respectively, to the LA, LO, and TO
modes in the amorphous silicon (a-Si).31 The TO signature
of c-Si is a peak at around 510-520 cm1 depending on the
nanocrystal size.31 A deconvolution with a Lorentzian peak
for the c-Si and four Gaussians corresponding to the 3 a-Si
peaks and a peak at 500 cm1 was applied. The peak at
500 cm1 is due to Si objects with a more ordered structure
than amorphous silicon but not as ordered as crystalline sili-
con. This Si objects can be an intermediate phase of sili-
con,32 grain boundaries33 and/or very small nanocrystal
grains of about 1 nm in size.34
For the sample containing a Si excess of 4%, the Raman
spectrum is composed of the contributions at around 300,
FIG. 7. Raman spectra recorded for high temperature annealed SRSON
layers containing different excess of silicon. The Si excess was determined
from RBS analysis.
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380, and 480 cm1, which are the signatures of the amor-
phous silicon phase in the matrix plus that of the contribution
of the substrate. No Si crystalline contribution is detected.
Thus, the Raman signal confirms the presence of silicon in
excess, but there is no proof that the silicon atoms have gen-
erated Si nanoparticles. The substrate contribution was also
measured on samples deposited with a smaller Siexcess but
there was no trace of amorphous silicon contribution.
For the sample containing a Si excess of 6%, the Raman
spectrum of this sample shows a crystalline contribution
while its EFTEM image did not reveal Si nanoparticles em-
bedded in the SiON layer. The Raman peak intensity at
513 cm1 is obviously weak, but the position tends to indi-
cate the presence of Si nanocrystals. This contradiction may
be attributed to the limited EFTEM resolution, which is typi-
cally around 1.5-2 nm. Thus, the SRSON sample with 6%
Siexcess might contain nanoparticles having a diameter size
smaller than 1.5 nm.
For samples with higher Si excess (>10%) in the SiON
layer, the contribution of the TO mode for crystalline silicon
is more pronounced as compared to the others. From the
Raman data, the crystalline fraction was quantified using
Xc¼ Ic/(IcþyIa) where Ic and Ia are the integrated scattered
intensity of the TO mode of c-Si and a-Si, respectively, and
y(D)¼ 0.1þ exp(D/25) with D the crystallite diameter in
nm.35 For our SRSON samples, we choose y ¼ 0.88 accord-
ing to Sui et al. work.34 The Xc data are given in Figure 8
versus Siexcess in the matrix. As the excess of silicon
increases (nitrogen content increases), the crystalline fraction
increases. This is in agreement with Hernandez et al.36 As
expected, large silicon nanoparticles crystallize more easily
than the small ones for temperatures up to 1100 C. The pro-
portion of Si objects is also calculated through the equation
Xip ¼ Iip/(Iip þ Ic þ yIa),33 where Iip is the integrated scat-
tered intensity of the intermediate phase. These data are also
plotted in Figure 8. This fraction seems to increase when
increasing Siexcess. However, the increase of Xip is much
more moderate than that of Xc, which indicates that the crys-
tallinity of the nanoparticles is strongly correlated to the
amount of silicon atoms in excess within the SiON matrix.
In Yue et al. work reporting on crystallization of amorphous
silicon, they have found that the Xip phase fraction decreases
when the crystalline fraction increases. Based on the results
of Figure 6 showing that the high Siexcess generate larger
nanoparticles, we speculate that by increasing the size of the
nanoparticle, the nanocrystals coalesce and form multicrys-
talline nanoparticles. This can explain the increase of Xip
with Siexcess.
D. Photoluminescence of the SRSON layers
Photoluminescence spectra for annealed SRSON sam-
ples are shown in Figure 9. The excitation source is a laser
emitting at 355 nm. It is found that the photoluminescence
signal changes strongly with the variation of the Siexcess
(nitrogen content): the PL peak position shifts and the inten-
sity vary. The exact causes of the luminescence of the
annealed SiOxNy layers are presently still under debate as
contribution of defects are often hiding other effects. Thus,
the observed overall PL signal can be attributed to many
causes such as radiative defects,17,37 quantum confinement
in nanoparticles,17,38 surface recombination at the nanopar-
ticle surface,38 and radiative recombination in band tails.17,39
The PL signal of samples with an excess of silicon
below 4% shows a significant peak observed at 400 nm. This
peak can be attributed to defects in the oxide. It has already
been observed in samples with small nanocrystals or in
defect rich SiO2.
40 In the present work, for samples with an
excess of silicon below 4%, we have very few or may be no
excess of silicon leading to a small nanocrystal size (or no
nanocrystals at all). This defect may be due to a lack of oxy-
gen as reported by Mikhaylov.37
The PL spectra for samples with silicon excess >4%
were deconvoluted into two peaks: one peak between 500
and 650 nm and the second one between 700 and 850 nm.
According to literature, the second peak is often attributed to
the emission of the Si-nanoparticles while the 570 nm PL
emission is attributed to defects in the silicon oxide.41,42 For
FIG. 9. Photoluminescence spectra recorded for high temperature annealed
SRSON layers containing different excess of silicon. The Si excess was
determined from RBS analysis. The PL signals are all normalized.
FIG. 8. Crystalline (Xc) and intermediate phase (Xip) volume fraction ver-
sus the amount of excess of silicon in the SiON matrix.
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sample with an Siexcess ¼ 4%, there is a peak at around
540 nm. This peak could be attributed to the mentioned
defects or to very small amorphous silicon nanoparticles.
Increasing Siexcess up to 10%, the PL peak position is shifted
to higher wavelengths. The confinement theory could explain
the observed shift of the PL as it was shown above that the
size of the nanoparticles increases with the excess of silicon
(Figure 6). For samples with a higher excess (>10%), the
maximum of PL is shifted to shorter wavelengths. This is in
contradiction with the confinement theory since the size is
still increasing. One first explication is the shape of the nano-
particles which is not spherical anymore. Indeed there is pos-
sibly a larger confinement in one single direction. Another
possible explanation is the composition of the matrix sur-
rounding the nanoparticles, which changes with the gas ratio,
consequently with Siexcess. The effect of the surrounding ma-
trix of the nanoparticles has already been investigated using
ab-initio calculations considering silicon clusters with differ-
ent bonding condition with oxygen.43 In their work, they
have shown that the more the Si nanocrystal is oxidized, the
smaller is the band gap. In Yang et al.,39 the effect of surface
passivation was experimentally studied on silicon rich SiNx
and silicon rich SiOx layers. In this work, nitrogen and oxy-
gen was found to change the properties of the emission from
the Si nanoparticles. For the same diameter, the surrounding
matrix change the gap of the PL emission.3 In our SRSON
layers, both nitrogen and oxygen are bonded to the silicon
nanoparticle surface. However, the ratio of Si-N and Si-O
bonds is strongly varying with the Si excess, which affects
seriously the light emission.
Figure 10 plots the optical bandgap as deduced from the
PL peak versus the diameter of the silicon nanoparticle.
Additional data taken from the literature concerning Si nano-
particles in silicon oxide or silicon nitride matrix are drawn
for comparison. Open and full symbols represent, respec-
tively, a silicon oxide or nitride dielectric matrix surrounding
the nanoparticle. The surrounding material changes the
effective gap of the silicon nanocrystal. This has been
explained by ab initio calculation.44 Our results (stars) are in
good agreement with literature for samples containing Si
nanoparticles with 3 and 4 nm in size diameter while they
deviates strongly for samples with larger diameters. For the
small Si nanoparticles, the PL can be attributed to the quan-
tum confinement in the silicon nanoparticles. Moreover, the
PL emission is almost the same as in an oxide matrix.
Different studies showed the high effect of a small amount
of oxygen surrounding the silicon nanocrystal by ab initio
calculation.43,45 Only one oxygen bridge is sufficient to
decrease the optical bandgap. In fact, if oxygen atoms are
double bonded with silicon atoms, the gap is even more
reduced.43 This effective gap reduction seems to saturate
when increasing the number of surrounding oxygen.43,45
This observations mean that a few amount of oxygen present
in the dielectric matrix is sufficient to influence significantly
the gap of the material.
Figure 10 shows that our bandgap values deviate from
the expected behavior for silicon nanoparticles size higher
than 5.5 nm (black circles). This suggests that the PL signal
is due to another contribution than quantum confinement.
The Si objects as defined in the Raman section above might
play a role in the luminescence properties of the SRSON
layers. The number of these objects increases with the Si
excess. It has been shown that this highly disordered silicon
is likely to have higher optical gap compared to amorphous
silicon.46 The measured PL signal is possibly due to these Si
objects for high excess of silicon (>15%) and can explain
the emission at higher energies. In order to hide the PL con-
tribution of these defected silicon and enhance that due to
silicon nanoparticles, the SRSON structures with large Si
excess (large Si nanoparticles) were excited with a YAG
laser emitting at 532 nm (2.33 eV) and the PL recorded. The
newly extracted optical bandgaps are also reported in Figure
10 (open circles). These values are in very good agreement
with literature data and with the predicted behavior. This
result show that the PL response for the large Si nanopar-
ticles obtained with high silicon excess (>15%) is due to
emission from Si objects as well as from Si nanocrystals.
IV. CONCLUSIONS
In this work, we have investigated the chemical content,
the crystalline properties, and the photoluminescence of de-
posited SRSON layer, before and after thermal annealing.
We have shown that the atomic composition can be easily
tuned, thanks to variation of the SiH4/N2O gas ratio during
plasma deposition. The results show that it is possible to
obtain SRSON films with a high nitrogen content and a con-
trollable amount of Si excess. It is assumed that the SRSON
separates into two phases during thermal annealing: Si nps
and SiON matrix. EFTEM study demonstrated the formation
of silicon nanoparticles and their size increases with increas-
ing the silicon excess in the SRSON layer. Moreover, the
nanoparticle size can be varied, thanks to the control of the
nitrogen content, which is known to hinder the silicon
diffusion. On the other hand, Raman measurements revealed
that the silicon nanoparticles are characterized by 3 phases:
pure crystalline, amorphous, and intermediate phase. The
FIG. 10. Variation of bandgap of the material extracted from the PL mea-
surement versus the Si nanoparticle diameter embedded in different matrix.
Empty and full symbol represent silicon nanoparticle in, respectively, silicon
nitride3,47–49 and silicon oxide matrix from several authors.3,50,51
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crystalline fraction of these phases is found to be strongly
correlated to the nanoparticle size. Finally, the optical analy-
sis of the SRSON layers through the photoluminescence
measurements show that it is also possible to tune the maxi-
mum position of the broad and intense PL between 400 and
800 nm by changing the silicon excess in the SRSON matrix.
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